I. INTRODUCTION
An in vitro model of small diameter blood vessels would be a useful tool for the study of a variety of vascular diseases, physiological mechanisms, and toxicological responses. Druginduced vascular injury (DIVI) in pre-clinical toxicology studies of pharmaceutical agents in particular, involves both the endothelium and tunica media of small vessels to medium sized vessels, but little is known about its mechanism or inciting factors agent. 1, 2 In animals, DIVI is diagnosed by postmortem histopathologic examination of vessels from animals exposed to new chemical entities, 3 usually as part of pre-clinical in vivo safety studies. DIVI is characterized by degenerative and hyperplastic changes of endothelial cells (ECs) and vascular smooth muscle cells (SMCs), sometimes accompanied by inflammation. 3 More specifically, there can be degeneration, apoptosis, necrosis, hyperplasia, and/or hypertrophy in ECs. Changes in vascular SMCs can include hyalinization, apoptosis, necrosis, hypertrophy, and/or hyperplasia. Inflammation associated with DIVI is characterized by the severity and the specific leukocytes present in the inflammatory infiltrate. The types of inflammation in DIVI are granulocytic (neutrophils and/or eosinophils), mixed, and mononuclear (histiocytic and/or lymphocytic). Occasionally, edema or hemorrhage including extravasation of red blood cells (RBCs) into the tunica media layer of blood vessels 4 is seen; analysis of these vessels reveals a relatively undisturbed endothelial layer but a widespread deposition of RBCs and few white blood cells into the vessel wall. With some drugs, particular vascular beds in certain species, such as mesenteric vessels in rats (diameter % 200 lm) and coronary arteries in dogs (diameter % 0.5-1 mm), appear to be more predisposed to these lesions [5] [6] [7] although DIVI can occur in many different vascular beds in these species. Injury to both ECs and SMCs leading to subsequent inflammatory response has been implicated in DIVI pathogenesis, but the individual contributions from each cell type is unclear.
8 SMC apoptosis or necrosis is a classic finding in DIVI caused by compounds that cause vasodilation or vasoconstriction. 3 DIVI occurs in approximately 10% of candidate drugs that reach the in vivo testing stage of development. Although DIVI is a relatively common finding in pre-clinical toxicology studies in dogs and rats, similar findings have not been documented in human clinical trials with drugs that cause DIVI in dogs and rats, making relevance to human risk unclear. Nonetheless, compounds that cause DIVI in pre-clinical settings are often stopped from further development, or the drug development is delayed. By the time in vivo studies have begun and DIVI is identified, large sums of money have already been spent on a candidate drug. DIVI remains an issue of additional concern for the pharmaceutical industry because no diagnostic biomarkers exist to manage the finding clinically and no in vitro models are currently available to screen candidate compounds or chemical series for DIVI risk in drug development. Therefore, opportunities exist for the development of in vitro screens to allow identification of compounds that have the potential to cause DIVI early in the drug discovery process.
Because DIVI affects both the endothelial and tunica medial layers of vascular beds in vivo, an in vitro vascular model is required that can not only mimic the architecture of the vessel, but also demonstrate an appropriate mechanical response with extravasation of blood in response to treatment with a DIVI inducing compound known to induce microscopic hemorrhage in the pathogenesis of injury. Using a microfluidics-based platform, a bilayer small diameter in vitro vascular model has been developed. The model was designed to mimic geometry and flow dynamics of a mesenteric vessel of a rat, a typical animal model used in toxicology studies on candidate compounds and a common vascular bed that is pre-disposed to DIVI. The model was then evaluated for its ability to detect one feature of DIVI seen with some drugs: extravasation of RBCs into the smooth muscle layer of the vessel.
II. MATERIALS AND METHODS

A. Microfluidic vascular device development
The mechanical phenomenon of extravasation of RBCs into the vascular tunica media without significant disruption of the endothelial layer posed a challenge to creation of a model that could recapitulate this process. A key element in the DIVI phenomenon may be the internal elastic lamina (IEL). Rather than functioning as an impermeable sheath, the internal elastic lamina is porous. 9, 10 In analysis of IEL images, 9 the pores of the IEL range from 2.3 to 13.1 lm, with a mean pore size of 6.4 lm and a total porosity of 11%. The diameter of holes in the IEL is large enough to permit extravasation of RBCs, and we hypothesize that this is their route of passage into the tunica media in DIVI. The microfluidic vascular model was designed with a porous membrane separating the endothelial layer and the tunica media layer, mimicking the naturally porous IEL. The porous membrane in the model is a track-etched polycarbonate membrane with 10 lm pore size and 7.9% total porosity (Isopore TM Membrane Filters, Millipore, Billerica, MA). Other significant design criteria for the model included an endothelial chamber on the order of 200 lm in diameter, designed to replicate the size of rat mesentery vessels affected by DIVI. 1, 4 To reproduce the confluent, flow aligned EC layer present in normal blood vessels, it was necessary for the ECs to form an adherent monolayer on the porous membrane and to sustain perfusion media flow rates that achieved physiologic levels of shear stress in the model. The range of physiologic arterial shear stress 11 is 10 to 70 dynes/cm 2 , so a shear stress target of 15 dynes/cm 2 was chosen for the model. The tunica media layer of the model was required to be positioned opposite the ECs, and to grow into a multi-layer tissue in a chamber with no flow. The model needed to be translucent to allow monitoring of the cells growth (particularly during model development) and for testing for RBC extravasation.
Using these design criteria, the model was developed as a microfluidic device consisting of three principal components: a 200 Â 200 lm (height and width) vascular channel, a porous membrane mimicking the IEL, and a smooth muscle chamber (Fig. 1) . The mold for the vascular channel was created by patterning a silicon wafer using SU-8 photolithographic techniques. The vascular chamber of the device was made using poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning, Midland, MI) and soft lithographic techniques. The smooth muscle chamber was made with PDMS using a stamp method over a machined mold with the central channel feature to create a thin layer. The chamber portion of the smooth muscle chamber was formed by casting PDMS in a machined mold. A thin glass cover slip formed the lid of the device. Microbore silicone tubing (Dow Corning) was connected to the device to allow perfusion media to flow through the endothelial chamber and was also used for cell seeding. Tubing connections to the smooth muscle chamber allowed perfusion media changes and extraction of perfusion media for analysis. Devices were assembled using PDMS silicone glue and stamp gluing techniques. Both sides of the polycarbonate membrane were coated with type I collagen (Trevigen Inc., Gaithersburg, MD) prior to ethylene oxide sterilization.
The complete system of the model included a programmable syringe pump (PHD series, Harvard Apparatus, Holliston, MA) to flow perfusion media through the endothelial channel of the device and a collection chamber to collect the perfusion media. A particular timeline for the device seeding sequence and endothelial flow ramp up was developed to achieve cell growth and appropriate endothelial cell (EC) and smooth muscle cell (SMC) phenotype within the model ( Fig. 2(a) ). An extensive iterative design process was required to develop the device features and microfluidic cell culture methodology to achieve stable and phenotypically appropriate cell growth in the device. Device design was modeled in 3D using SolidWorks (SolidWorks Corp., Concord, MA) and analyzed with computational fluid dynamics (CFD) in (1) is continuous with the vascular channel (2) . The endothelial cells (EC) were seeded through the seeding inlet channel (3), flown through the vascular channel (2) and exited the device at the outlet (4). The smooth muscle layer of the device has an inlet channel (5) into the SMC chamber (6) with an outlet (7). Markings above the channel (500 lm between marks) were used for measurement during microscopic imaging. Alignment features (8) and (9) (14) with lid (15) , and the porous layer between that mimics the internal elastic lamina (11) .
FloWorks (SolidWorks Corp). CFD analysis was used to determine the appropriate flow rates to achieve physiologic shear stress.
B. Device cell culture
Primary rat aortic endothelial cells (VEC Technologies, Rensselaer, NY) passage 4-12 and primary rat aortic smooth muscle cells (VEC Technologies) passage 4-12 were used in the model. ECs and SMCs were expanded, sequentially seeded and cultured within the device in Endothelial Cell Growth Medium-2 (EGM-2) (Lonza, Walkersville, MD) and DMEM (Dulbecco's Modified Eagle Medium) with 10% fetal bovine serum and 1% pen-strep, respectively. After priming the endothelial channel with EGM-2, SMCs were seeded (35 ll at 3 Â 10 6 cells/ml) within the open channel of the SMC chamber and attached to the exposed membrane within the channel. Unattached SMCs were removed after 4 h and the perfusion media changed. After one day of SMC culture, the cover glass lid was glued to the device using silicone glue (Sil-Poxy, Smooth On Inc, Easton, PA). After three days of SMC culture, ECs were then seeded in the 200 lm EC channel via the primed EC seeding port (10 ll at 3 Â 10 6 cells/ml). The devices were flipped over for 2 to 3 h to facilitate EC attachment to the membrane. 6 h after EC seeding, flow within the 200 Â 200 lm channel was initiated at 10 ll/h using the syringe pump. Flow was gradually increased to a flow rate that corresponded to normal arterial shear stress (15 dynes/cm 2 , 7200 ll/h) over 7 days (Fig. 2(b) ).
C. Immunohistochemical evaluation of cell confluence and phenotype
After devices had achieved full endothelial flow, SMC phenotype and qualitative cell density was evaluated by staining SMCs on the membrane with LIVE/DEAD stain (calcein Cellular phenotype, confluency, and EC alignment in devices were further evaluated by scanning electron microscopy (SEM) analysis. Cells in devices were fixed with 4% PFA and dehydrated in a series of ethanol washes. The devices were carefully disassembled and the membranes with ECs and SMCs still attached were gold sputter coated and imaged.
E. Microsphere extravasation analysis and pilot DIVI compound testing
Once arterial shear stress was achieved, confluency of the cell layers was demonstrated by flowing 6 lm diameter fluorescent microspheres (Peak Flow Flow Cytometry Reference Beads, Invitrogen) through the device for two minutes. Bead extravasation into or through the SMC layer was visually determined with fluorescent microscopy and with Fluorescence-activated cell sorting (FACS) analysis of the fluid extracted from the SMC chamber. Devices without EC or SMC (n ¼ 6) were compared to devices with visually intact EC and SMC (n ¼ 8).
Pilot testing was performed to evaluate the devices with a drug known to cause DIVI (CI-1044, Pfizer Inc., Groton, CT). The objective was to reproduce in the model, the extravasation through the endothelium and into the SMC layer that occurs in DIVI. To prepare for device testing with CI-1044, the EC and SMC co-cultures were evaluated using serum free medium (Opti-MEM, Invitrogen) for 24 h and evaluated with CD31 staining of EC. Complete devices were matured with increasing flow rates until arterial flow rate was achieved. DIVI pilot test devices (n ¼ 3) were perfused with Opti-MEM containing CI-1044 (50 lM) for 8 h at arterial flow rates prior to extravasation testing. Control devices (n ¼ 2) were perfused for 8 h with Opti-MEM at arterial flow rates prior to extravasation testing. During extravasation testing, whole porcine blood (Lampire Biologics, Pipersville, PA) at 37 C was made to flow through the device at levels approximating an arterial shear rate (15 dynes/cm 2 ) for 30 min. Extravasation of porcine RBC (4-8 lM in diameter) from the endothelial channel into the smooth muscle chamber was evaluated in real time using light microscopy imaging. Statistical significance for microsphere extravasation was determined using Student's t-test. P 0:05 was considered statistically significant.
III. RESULTS AND DISCUSSION
A. Microfluidic vascular device development
A small diameter in vitro blood vessel model with flow was created recapitulating the normal spatial arrangement of ECs adjacent to SMCs. In this model, a porous polycarbonate membrane mimics the naturally porous internal elastic lamina and permits extravasation of RBCs after exposure to pharmaceutical compounds. The multilayer microfluidic device design achieved the design criteria and established a model of a 200 lm diameter blood vessel with 2 cm length of an endothelial luminal surface with a porous membrane opposite a smooth muscle chamber. Optical alignment features integrated into the molds facilitated layer alignment, which was performed under direct microscopy.
B. EC and SMC growth and evaluation
An iterative approach was required to optimize the culture environments for effective seeding of both ECs and SMCs. In a first iteration, the SMC chamber and EC channel were similar dimensions. However, the SMCs were unable to achieve confluence or an appropriate phenotype. When the volume of the SMC chamber was increased significantly to (>1 ml compared to 1.6 ll), SMCs thrived in the SMC chamber with normal growth patterns and a normal phenotype compared to standard in vitro culture conditions. Presumably, the small volume of perfusion media above the SMC cells was not well circulated and hampered the cell growth.
SMCs were reliably seeded and grown to confluence for three days prior to EC seeding. After the device was matured with arterial shear stress achieved in the endothelial channel, SMCs demonstrated viability with the LIVE/DEAD stain ( Fig. 3(a) ) and appropriate phenotype and confluency in the SMC chamber with F-actin (not shown), aSMA, and calponin (Fig. 3) .
ECs sufficiently attached to the collagen coated polycarbonate membrane and tolerated low flow within 6 h of seeding. ECs grew to a confluent monolayer after approximately three days in culture with a modest increase in flow during that period. Over the remaining four days of device maturation, flow was increased to achieve low arterial shear stress rates of 15 dynes/cm 2 within the endothelial channel (Fig. 2) . During device validation testing, arterial shear stress of over 70 dynes/cm 2 was tolerated without identifiable EC loss (data not shown). The ECs formed a monolayer that was evaluated after seven days of flow when arterial shear stress was achieved. There was considerable alignment of the ECs in the direction of flow as evidenced by CD31 staining, as shown in Fig. 4(a) . The ECs also appropriately stained for vWF, Fig. 4(b) .
SEM analysis of the devices demonstrated confluent coverage of the membrane with ECs (Figs. 5(a) and 5(b) ). ECs demonstrated a normal phenotype and a uniform cell alignment in the direction of flow. SMCs formed a multi-layer cell covering over the membrane in the SMC chamber side (Figs. 5(c) and 5(d) ).
C. Microsphere extravasation analysis and pilot DIVI compound testing
Microsphere flow analysis demonstrated a minor extravasation of microspheres in devices with visually confluent cellular layers without mechanical defects. Cellularized devices had an 
054116-6
Hoganson et al. Biomicrofluidics 10, 054116 (2016) average extravasation of 6.6 beads over 2 min (range 0 to 20, stdev 8.3) which was significantly less (p < 0.001) than devices without cells that had an average extravasation of 84.7 beads (range 54 to 133, stdev 26.5). Microspheres in this diameter range may be easily procured and deployed from off the shelf sources. They are a useful pre-qualification of the device to test for cell confluency prior to further testing for DIVI or other studies which may involve expensive drugs or cellular preparations. Although microspheres were used to evaluate devices for confluency, it was expected that whole blood would be required for the testing of potential DIVI compounds. One of the poorly understood aspects of DIVI, with some compounds, is the extravasation of RBCs through the endothelium during exposure of an animal to a DIVI compound but with no apparent damage to the endothelium during later histological evaluation of the vessels. 3 We hypothesized that there is either a temporary separation of the ECs or an increase in permeability of the ECs such that the pores in the IEL are exposed, allowing extravasation of RBCs into the tunica media that has been demonstrated. 4 Accordingly, it is expected that the deformability of RBCs is important in their extravasation, and thus it is critical to use whole blood for the in vitro evaluation of DIVI compounds using this model.
A pilot test of a candidate drug (CI-1044) known to cause DIVI [12] [13] [14] [15] was performed. In the two control devices, whole blood flowed through the devices at arterial shear without any visual extravasation of RBCs, as shown in Fig. 6(a) . In all (n ¼ 3) devices treated with 50 lM CI-1044 for 8 h (known toxic window of treatment 2-24 h), subsequent perfusion of whole blood at arterial flow rates caused extravasation of RBCs. RBC extravasation after CI-1044 treatment may have been due to deleterious effects of the compound on the endothelial junction, or other EC stress response, such as vascular oxidant stress and inflammation as reported in the previous in vivo studies of CI-1044. 13 Future studies will include immunohistochemical analysis and permeability assays to further evaluate mechanisms underlying RBC extravasation in DIVI.
The extravasation of the RBCs was only evaluated qualitatively as present or absent in the devices. Patchy occurrence of the extravasation (not uniform along the length of the model) is consistent with DIVI lesions seen during in vivo testing. 4 Importantly, no free extravasation of RBCs was visually observed into the perfusion media of the smooth muscle chamber above the cells in either the control or DIVI devices. In the DIVI devices, the RBCs appeared to be present within the SMC layer.
Future testing of RBC extravasation will include RBC count analysis of the cell culture medium above the SMCs and SEM evaluation of the SMC cells to demonstrate the presence of the RBCs lodged within the SMCs as demonstrated in animal models. 4 Another potential quantitative method could include flushing the model with isotonic saline to allow quantification of the percent area of extravasation into the SMC cell layer.
IV. CONCLUSIONS AND FUTURE WORK
Drug-induced vascular injury has been elusive in that although inflammatory biomarkers have some correlation with DIVI, no vascular-specific biomarkers have been identified that reproducibly correlate with the formation of DIVI despite an exhaustive investigation of molecular 3, 7, 8, 13, 16 and imaging markers. 15 This model is the first to incorporate the co-culture of ECs and SMCs with flow and a porous internal elastic lamina to evaluate drugs for DIVI. Further validation of this model to predict DIVI will be pursued with an array of known DIVI compounds and appropriate controls. In addition to RBC extravasation, the model can be investigated for the occurrence of biomarkers associated with extravasation. This may support some candidate biomarkers that have been identified or identify new potential biomarkers.
Rat aortic ECs were used in the model despite the occurrence of DIVI in specific vasculatures including rat mesentery and dog coronary arteries. Despite our experience and expertise with primary cell isolation and culture, we were unsuccessful in our attempt to reliably isolate rat mesentery ECs. While our preliminary results suggest that extravasation is observed with aortic ECs, the sensitivity and specificity of these cells to DIVI causing agents remain to be determined.
This vascular model does have some limitations in its current form. Flow through the device is generated by a syringe pump and consequently is laminar and non-pulsatile. Although this is ideal for many applications, it does not fully reproduce the vascular pulsatile flow that may contribute to DIVI. Hemodynamic changes have been described with DIVI in the rat 15 and the dog model. Tachycardia and systemic hypotension have occurred after doses with DIVI compounds 6, 7, 17 in beagle dogs. These hemodynamic changes may play a role in the development of DIVI lesions. Future iterations of the model will include both pulsatile flow as well as precise hemodynamic control to be able to separate the hemodynamic changes from other variables as DIVI is further investigated. Additionally, the SMCs in the model do not undergo mechanical stresses as they do in resistance vessels and subsequently it is expected that they have a primarily synthetic rather than contractile phenotype. Design changes that would incorporate a distensible membrane into the model as a means to transmit mechanical forces to the SMCs to retain a contractile phenotype are another future aim.
Several other in vitro models of EC and SMC co-culture have been described including static direct culture of ECs on SMCs 18 and ECs and SMCs grown on opposite sides of a microporous membrane in a transwell model. 19, 20 In vitro models have also studied ECs in a shear model using a parallel plate design. 21, 22 Other recent publications have described the use of a porous membrane with different cell types grown on each side to reproduce some of the features of human lung and gut tissue. 23, 24 An innovative co-culture model utilizing a combination of parallel plates with flow and a transwell with EC and SMC co-culture has been developed. 25 Rather than a vascular channel, this model has a wide flow field that is well suited for molecular biological analysis given the larger cell numbers but less ideal for investigating hemodynamic changes within the model and invoking a possible extravasation of RBCs.
Although it was designed to study DIVI, the model described in this paper has wide potential applications for studying vascular pathophysiology. In particular, the complex relationship and signaling between ECs and SMCs could be investigated. The ability to control shear stress in a channel design and dose additional cells and compounds in the vascular channel may serve as an excellent test bed for cancer metastasis cell adhesion and migration through a vessel wall.
Fibroblasts could be added on top of the SMC cells to create a three-layer vascular model with new options for studying cell-cell interactions. Finally, the model could be used as an endothelial blood-brain barrier model without the SMCs. The ability to sample the upper chamber for compounds could be valuable in determining the selective compound permeability of this endothelium.
Utilizing a microfluidic platform, a co-culture model of a 200 lm blood vessel was developed with a biomimetic internal elastic lamina that had confluent alignment of ECs at arterial flow rates. Testing with a known DIVI compound demonstrated extravasation of RBCs into the SMC layer, a finding associated in vivo with some compounds that cause DIVI. Additional endpoints that focus on EC and SMC health and function will need to be evaluated to determine if the model can detect other features of DIVI, including degenerative and hyperplastic changes of ECs and SMCs. With further development, this model may have utility as an in vitro screening test of candidate drug compounds for DIVI. The physiologic nature of the model also gives it great flexibility for a variety of vascular related research applications.
